package generates dead mass and volume which reduces the overall energy and power density of the system. [18] Here, we report a facile and scalable method of fabricating a substrate-free, freestanding, lightweight, breathable, foldable, tailorable, and flexible veil-based electrode by using activated carbon fibers (ACFs) to exhibit a high capacity of 5.52 Wh kg −1 and >86.6% capacitance retention over 10 000 charge-recharge cycles under severe mechanical deformations such as folding, cutting, and compression. We demonstrate that mechanically reliable supercapacitors can be tailored and folded in various kirigami and origami patterns to easily attain stretchability for freestanding 3D structured energy storage systems. Figure 1a shows the optical image of an ACF veil, a network of randomly distributed ACFs with a thickness of 100 µm and an ultrahigh porosity of 90% (Table S1 , Supporting Information and Figure 1b ,c). It is lightweight with a density of only 52 mg cm −3 , which is a quarter of the density of a plain knitted cotton fabric in our daily t-shirts. [19] ACF veil has a high electrical conductivity of 6 S cm −1 , where the value is on the same order of the conductivity of horizontally aligned carbon nanotube films. [20] Large number of voids in the ACF network and the pores in the fibers created by a carbon activation process account for the lightweight characteristic. It is known that the micro-, meso-, and macropores created by the carbon activation process result in 40% to 60% weight loss in carbon fibers while enhancing the specific surface area by 2-3 orders of magnitude. [21] These changes in weight and specific surface area are useful for designing lightweight supercapacitors with high energy density. Amplified specific surface area due to the appearance of pores in various scales facilitates ion diffusion and adsorption, promoting the formation of electrochemical double layer in supercapacitors. The voids in the ACF network provide several properties that are favorable for supercapacitor electrodes such as air permeability and semitransparency. Air permeability of ACF veil was tested by purging nitrogen gas with predetermined flow rate onto an ACF veil and measuring the flow rate of the permeated gas. For comparison, fabrics commonly known for their breathability such as linen shirt, cotton t-shirt, nylon stocking, cleanroom wipe, and lab coat were also tested ( Figures S1 and S2 , Supporting Information). Air permeability of ACF veil was comparable to the permeability of linen, nylon, and cotton, demonstrating that the veil could be a suitable textile electrode for wearable energy storage devices (Figure 1d For supercapacitors to become truly wearable to power various portable electronics, they must not only possess high power and energy density with long cycle life, but also provide comfort and durability. Here, a facile method of fabricating substrate-free and freestanding breathable 3D supercapacitors using veil-based electrodes with activated carbon fibers (ACFs) is reported. The conductive and high porous electrodes are lightweight, breathable, flexible, foldable, and tailorable with achieved high energy density of 5.52 Wh kg −1 and >86.6% capacitance retention over 10 000 chargerecharge cycles under various mechanical deformations such has folding, cutting, and compression. Different from the existing energy storage systems, the mechanically reliable supercapacitors can be integrated into parts of garments that are susceptible to a combination of anomalous mechanical deformations such as the inner elbow for 3D wearable energy storage applications.
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With the bloom of self-powered wearable electronics, supercapacitors of high power density, fast charging and discharge capability, and long cycle life have drawn much attention as a promising class of energy storage devices that bridge the gap between lithium-ion batteries and conventional electrostatic capacitors. [1] [2] [3] [4] In the recent years, great efforts have been particularly devoted to the development of lightweight and flexible electrode materials with high capacity for practical applications of supercapacitors. [5] [6] [7] [8] [9] [10] [11] [12] [13] Despite their achievements, most electrode materials to date are susceptible to fracture under anomalous mechanical deformations to which our daily garments are frequently subjected such as folding, cutting, and pressing. Some electrode materials have shown improved mechanical robustness with high bendability by having active conducting materials coated on flexible templates or scaffolds such as papers, fabrics, and polymeric substrates. [14] [15] [16] [17] Nevertheless, this approach of using inactive mechanical supports as the www.advmattechnol. de and Figure S3 , Supporting Information). In addition, the freestanding and substrate-free ACF veil offers great maneuverability as the textile electrode because it can be tailored into desired geometries conveniently with a pair of scissors, similar to fabrics for regular garments ( Figure S4 , Supporting Information). Fabrication of ACF veil mainly involves four steps: carbon activation, dispersion, filtration, and extraction ( Figure 1e and Experimental Section). ACF dispersion is filtered on a mesh with submillimeter-sized pores, which allows fast drainage of liquid with minimal loss of fibers ( Figure S5 , Supporting Information). Elastocapillary densification due to drainage causes a thin layer of randomly distributed ACFs to deposit on the mesh, which further densifies and turns into a freestanding veil upon drying. [22] As a result, ACF is densely packed in the direction of drainage and highly porous in the lateral directions (Figure 1b,c) . The filtration step for producing an ACF veil takes a few seconds, which is quite different from the conventional methods for preparing paper-based electrodes that require long hours of vacuum filtration. Overall, the method is not only simple and efficient, but also compatible with industrial roll-to-roll papermaking process. Furthermore, air permeability, transparency, and thickness of ACF veil area can be controlled by varying the wt% of ACFs in the dispersion step ( Figure S6 , Supporting Information).
The electrochemical performance of ACF veil was examined in the two-electrode system by assembling a symmetric supercapacitor with ACF veil electrodes and PVA/H 3 PO 4 electrolyte (Figure 2a) . Figure 2b ,c shows the cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) curves measured at various scan rates ranging from 1 to 10 mV s −1 and current densities ranging from 77.7 to 466.4 mA g −1 , respectively, within the potential window of 1.0 V. The nearly rectangular and triangular shapes of CV and GCD curves, respectively, exhibit the desirable characteristics of an electrochemical double layer capacitor (EDLC). Deviation of CV and GCD curves from the ideal rectangular and triangular shape is due to the low ionic conductivity of the solid-state electrolyte in which ion transport is relatively slow in comparison to an aqueous electrolyte.
EDL formation in the supercapacitor is evident by the steep linear spectrum at the low-frequency regime of the Nyquist plot. At a higher frequency, diffuse layer resistance is introduced due to the relatively slow diffusion of ions in solid-state electrolyte, which decreases the slope of the spectrum. Similarly, the appearance of a semicircle at the high-frequency regime also indicates a relatively slow ion diffusion process, which is a general trait of solid-state supercapacitor with microporous electrodes. [23] Yet, the electrode and electrolyte resistances are low (approximately 12 and 1 Ω, respectively), which results in a low internal resistance for an effective formation of EDLC in the solid state. ACF veil has a capacity of 5.52 Wh kg −1 that is high compared to many highly flexible paper-based electrodes in the literature. [24] [25] [26] [27] [28] The outstanding performance of the ACF veil electrode can be explained as the following. First, the porosity of the electrode at various scales induced by its network morphology and the carbon activation process provides a high specific surface area for ion diffusion and adsorption to actively occur at the electrode/electrolyte interface. Second, the absence of electrochemically inactive materials enhances the energy density of the ACF veil in contrast to many other electrodes such as paper-based electrodes that commonly employ mechanical substrates (e.g., cellulose paper) to support active conducting materials. On the other hand, given that ACF veil is 90% porous, its areal and volumetric capacitance, 39.7 F cm −2 and 2.07 F cm −3 , respectively, are not remarkably high. Nevertheless, these capacitance values can be potentially enhanced owing to the ultrahigh porosity of the veil. For instance, the veil can be utilized as a mechanically durable, flexible, and conductive template of which the voids can be filled with various conductive materials to produce a composite-based electrode. Self-discharge rate of the ACF veil-based supercapacitor was determined by charging it at 77.7 mA g −1 to the voltage of 1.0 V and recording its open-circuit voltage (OCV) over time. Similar to many other energy storage devices with carbon-based electrodes, a quick decay in OCV is observed where 50% of the initial energy is preserved 5.5 h after charging (Figure 2e ). [29, 30] The voltage drop is nearly proportional to the square root of the time (Figure 2f ), which indicates that the diffusion-controlled variation of ion concentration is the dominant mechanism of the self-discharge. [31] Capacitance retention of the ACF veil-based supercapacitor was examined under four scenarios of mechanical deformation: undamaged, partially cut, folded, and compressed at 20 MPa (Figure 3a) . For the partially cut, the electrolytecoated region of the supercapacitor was cut from the side to the center with a pair of scissors. For the folded, the electrolyte-coated region was folded and gently pressed with a light object. For the compressed, the electrolyte-coated region was pressed at 20 MPa by using a hydraulic press. 
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More than 86.6% of the initial capacitance was retained over 10 000 charge cycles for all scenarios (Figure 3b) . Notably, the capacitance retention profile of the folded supercapacitor degraded at a faster rate, which is likely due to the high elastic modulus of carbon fibers. It is known that carbon fibers lose approximately 90% of their tensile strength when they are bent to a large extent (e.g., knotted) with a submillimeter bending radius. [32] The effect is less severe for ACF veil-based supercapacitor because the carbon fibers are consolidated by the gel electrolyte, thereby holding the fibers in place even if they fracture. Faster degradation in capacitance retention could have been due to gradual disconnection of fibers in the veil electrodes while the supercapacitor was kept folded over 10 000 charge cycles. On the other hand, more than 95% of the initial capacitance was retained under 250 cycles of folding, demonstrating the mechanical robustness of ACF veil-based supercapacitor against cyclic folding at one location. Furthermore, CV curves were measured while folding the supercapacitor at various locations (Figure 3d) . Supercapacitor folded into a message showed almost no deviation from the unfolded state. It was observed that the supercapacitor is capable of withstanding compression of nearly 180 MPa ( Figure S10b , Supporting Information). Beyond this pressure, capacitance gradually decreases by the gradual dislocation of carbon fibers due to the deformation of electrolyte until the two electrodes are in contact, thereby shorting the electrochemical system.
Recently, the art of paper cutting, also known as kirigami, has been proposed to enable the fabrication of stretchable devices from intrinsically nonstretchable materials. [33, 34] Conventional fabrication method of kirigami-based supercapacitors starts by cutting mechanical substrates into various kirigami patterns, followed by the deposition of active conducting materials. In this sequence, accurate alignment of substrates becomes crucial for the subsequent deposition of electrode and electrolyte materials, which could be problematic from an early stage of fabrication. ACF veil-based supercapacitors with robustness against cuts allow reordering of the fabrication sequence such that cutting can take place at the end of the fabrication, after the assembly of supercapacitors as demonstrated in Figure 3a ,b. As a result, accurate alignment of samples becomes no longer necessary. In Figure 4a , we show an ACF veil-based supercapacitor cut into a unique kirigami pattern to attain stretchability easily with slight variation in the electrochemical performance ( Figure S9 , Supporting Information). Similarly, the art of paper folding, also known as origami, can be utilized to realize facile transformation of planar supercapacitors into 3D structured energy storage devices as exemplified by the freestanding origami crane supercapacitor embracing and lighting up a red LED in Figure 4b . As such, foldability could offer atypical design options for 3D structured energy storage devices without the aid of external mechanical support. Mechanical reliability of ACF veil-based supercapacitors also has important practical implications for wearable energy storages. They can serve a dual function as a mechanical component as well as an energy storage device to significantly reduce the cost and weight of wearable electronics and, moreover, support environmental sustainability by saving inactive materials generally used for manufacturing mechanical components in the conventional devices. For demonstration, six ACF veil-based supercapacitors connected in series can behave as a watchstrap as well as an energy storage device for powering an LCD display (Figure 4c) . Furthermore, ACF veil-based supercapacitors are capable of withstanding approximately 176.2 MPa of compression without degradation in electrochemical performance (Figure 3d ). This load-bearing capability allows them to be embedded in everyday wearables that are frequently subjected to compression. For example, www.advmattechnol.de ACF veil-based supercapacitors located below a shoe insole are capable of powering electrical components under human body weight compression (Figure 4d ). These mechanically reliable supercapacitors can be used in conjunction with various wearable energy harvesters to bring synergistic effects in selfpowered wearable electronics. It is important to note that, considering supercapacitors must be connected in series to meet the operating voltage for practical use, breathable and lightweight wearable energy storage devices can be developed by employing air permeable ACF veil as the electrodes. For demonstration, a small portion of a cotton's shirt's arm that is prone to crease under anomalous human activities was substituted by three ACF veil-based supercapacitors connected in series (Figure 4e) . The portions of sample that are not covered with electrolyte are breathable. Capacitance retention and CV curves measured during cyclic arm bending showed little fluctuation and degradation, which highlights the applicability of ACF veil-based supercapacitors for breathable wearable energy storage devices (Figure 4f,g ).
In conclusion, we report lightweight, breathable, flexible, foldable, and tailorable 3D veil electrodes by facile dispersion and filtration of ACFs. ACF veil-based supercapacitors exhibit not only an outstanding electrochemical performance with high energy density of 5.52 Wh kg −1 but also mechanical reliability against folding, cutting, and compression with a high capacitance retention rate of >86.6% over 10 000 charge cycles. Consequently, we demonstrate that mechanically reliable ACF veil-based supercapacitors can be tailored and folded into www.advmattechnol.de unique kirigami and origami patterns to easily attain stretchability and build 3D structured energy storage devices. Furthermore, ACF veil-based supercapacitors can be integrated into various wearables while accomplishing the characteristics of regular garments such as load-bearing capability and breathability. As such, this work provides new possibilities in broadening the design options and improving durability and comfort of wearable energy storages.
Experimental Section
Synthesis of PVA/H 3 PO 4 Electrolyte: 1 g of polyvinyl alcohol (PVA) was dissolved in 8 g of deionized water at 100 °C, followed by the addition of 1 g of phosphoric acid (H 3 PO 4 ).
Preparation of ACF: 6 mm long and 7 µm in diameter carbon fibers purchased from Fiber Glast were washed successively with acetone, isopropyl alcohol, and deionized water, and dried in air. For carbon activation, the dried carbon fibers were soaked in saturated potassium hydroxide solution and heated in a furnace with N 2 atmosphere at 800 °C for 20 min. The ACFs were thoroughly washed with deionized water until the pH value reached 7. The ACFs were air-dried, and the carbon activation process was repeated. The twice-ACFs were washed again with deionized water and air-dried. Lastly, the washed ACFs were heated in N 2 atmosphere at 800 °C for 20 min.
Fabrication of ACF Veil ( Figure S6 , Supporting Information): 1 wt% ACF dispersion was prepared in deionized water and filtered with a polyester mesh screen. By using a pipette, diluted electrolyte (1:3 weight ratio of PVA/H 3 PO 4 electrolyte and deionized water) was spread on the surface of the filtered ACFs. The filtered layer of ACFs was air-dried and peeled off the mesh screen by using a pair of tweezers.
Fabrication of ACF Veil-Based Supercapacitor ( Figure S8 , Supporting Information): The ACF veil was cut into two 1 cm × 2 cm rectangular pieces and spin coated with PVA/H 3 PO 4 electrolyte at 1000 rpm for 30 s, while having one end of each veil covered with a thin glass slide to avoid coating of electrolyte. The electrolyte-coated veils were air-dried at 40 °C and spin coated twice more to ensure complete coverage of electrolyte. One of the electrolyte-coated veils was spin coated once again and stacked to the other electrolyte-coated veil to build a supercapacitor.
Electrochemical Characterization: All electrochemical measurements were performed by using a Gamry Reference 600 potentiostat in the two-electrode configuration. Four-point probe method was used for measuring the electric conductivity of ACF veil.
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